Abstract. Various network architectures are evolved into the next generation wireless system to provide better services, such as wireless mesh networks (WMNs). However, single radio node mesh operating on a single channel suffers from capacity limiting. Multiple radio nodes mesh can obviously improve the network capacity, but the network is susceptible to spatial interference. Smart antennas are therefore employed to overcome such problem in this paper. A multiple-beam with circular RTS scheme is proposed to solve the "deafness" problem, which includes two parts: 1) expanding single interface to multi-interfaces in a node for simultaneous communicating with multiple nodes; 2) employing the circular RTS scheme for quick establishing communication with multiple nodes. This scheme is simulated by OPNET 14.5 and MATLAB R2007a. Simulation results show that the proposed scheme not only improve the network throughput but also solve the deafness problem.
INTRODUCTION
The existing WMNs mainly utilizes omni-directional antenna or directive antenna, however there exist some obvious drawbacks. On one hand, the application of omni-directional antenna in WMNs results in less coverage, which will cause more hops and network delay. Furthermore, since omnidirectional antenna radiates uniformly in all directions, which results in a considerable amount of spatial interference and reduces throughput [4] . On the other hand, compared to omni-directional antenna, directive antenna can expand coverage and enhance the throughput [5] but it lacks of nulling control and controlling the level of sidelobes, which also cause some problem, such as deafness problem.
Thanks to smart antenna system, it can form an adaptive beam according to the desired signal angle and interfering signal angles [6, 7] , and it can significantly increase the coverage and reduce network relay burden [8] . A multiple-beam with circular RTS scheme is proposed to solve the "deafness" problem, which includes two parts: 1) expanding single interface to multi-interfaces in a node for simultaneous communicating with multiple nodes; 2) employing the circular RTS scheme for quick establishing communication with multiple nodes. In order to analyze the effect of smart antenna system on the upper layers (specifically, data link and network layers) of the communication system, we develop an antenna controller using OPNET Modeler [9] . The antenna controller interfaces with the upper layer and physical layer to form the antenna gain pattern adaptively. By integrating MATLAB and OPNET, we are able to reuse any adaptive beamforming algorithms.
THE MULTIPLE-BEAM WITH CIRCULAR RTS SCHEME
Employing the multiple-beam with circular RTS scheme to solve the "deafness" problem Deafness problem is very common when using directional antenna or smart antennas [10] . Smart antennas can't send/receive packet in the side lobe because of the power gain is very small. Thus, it is "deafness" in the side lobe direction. In Fig.1 ., for example. node A、node B and node C all use directional or smart antennas, and each node only has a main lobe. Node A and node B is in each other's coverage range, so they can establish communication. Node B is in node C's coverage range, but node C isn't in node B' coverage range. Thus, node B can't receive any massage from node C. Fig. 1 . "Deafness" problem of smart antennas The existing wireless mesh networks mainly utilize omni-directional antenna. However, the omnidirectional antenna limits the coverage [11] . Fig. 2 shows the coverage range of smart antennas and omni-directional antenna [12] . In order to solve the "deafness" problem when using smart antennas, we propose a multiple-beam with circular RTS scheme, shown in Fig. 3 . At first, a single interface in a node is expanded to multi-interfaces. Each interface adaptively form beam according to the desired angle and interfering angles. Thus, each node has multiple main lobes. We suppose that a node has two interfaces and the area around it is divided into eight sectors. We employ circular RTS scheme to scan all the sectors. The transmitter starts transmitting its RTS from sector 1 on. It continues to send RTS until the transmission of RTS covers all the area around the transmitter. After circular send RTS, the node already had the location information of its neighbor nodes. 
SINGLE HOP SIMULATION
This section includes two parts: single hop simulation and multi-hop simulation. A single hop network model is constructed to compare the performances of omni-directional antenna, directional antenna and smart antennas. Another single hop network is constructed to examine if the multiplebeam with circular RTS scheme can solve the "deafness" problem.
Antenna performance comparison
Simulation scenario This scenario is a simple wireless network with a mobile jammer node and two stationary communications nodes. The jammer node and transmitter node use omni-directional antenna. Receiver node use omni-directional antenna, directional antenna and smart antennas. The jammer node and transmitter node all send the packets to the receiver node at the same time. The transmitter node and receiver node are stationary, while the jammer node goes along the trajectory in and out of the radio range of the receiver node, increasing and decreasing interference at the receiver. Packets are generated using constant inter arrival times and constant packet size of 1024 bits.
During simulation, the interfering angle change all the time. When the receiver node use smart antennas, the receive gain pattern will change follow by the interfering angle.
Simulation result Fig. 5 . The bit error rate of receiver During the simulation, collecting receiver node rx network performance factors, such as throughput, bit error rate and receiver power. Fig. 5 shows the receiver bit error rate, the receive bit error rate has a min value when receiver use smart antenna .the receiver bit error rate is always zero except jammer node between transmitter node and receiver node. This is because the adaptive beam forming algorithm form null in the interfering angle, suppressing the interference signals. Since omni-directional antennas radiate uniformly in all directions, the receiver bit error rate goes up as the jammer node going close to the receiver node.
From Fig. 5 , we can see that the bit error rate is inversely proportional to the throughput. When the bit error rate has a low value, throughput is high, when the bit error rate has a higher value, the throughput is lower, even zero, this is consistent with the theoretical analysis.
Solve "deafness" problem
Simulation scenario
The node A and node Call send packets to node B at the same time. The packet is generated by the constant interarrival time 1 and constant packet size of 1024 bits. The simulation during time is 30 minute. There have two cases in this scenario. The one is that the receiver node B only has a beam and the main lobe toward to node A. The other one is that the receiver node B has two beams and main lobes toward to node Aand node C respectively with circular RTS scheme. In the first scenario, node B only has a beam, its main lobe aim at node A and its side lobe toward to node C. Thus, node B always can't receive any message from node C. In the other one scenario , the receiver node B has two interfaces and the area around it is divided into eight sectors. We employ circular RTS scheme to scan all the sectors. The transmitter starts transmitting its RTS from sector 1 on. It continues to send RTS until the transmission of RTS covers all the area around the transmitter. After circular send RTS, the node already had the location information of its neighbor nodes. Each interface adaptively form beam according to the location information of its neighbor nodes.
Simulation results
During the simulation, the bit error and throughput are collected by receiver node. Fig. 6 and Fig.  7 show the bit error and throughput of receiver node in the scenario of receiver node B only has a beam. From the figures we can observe that the bit error of link between node B and node A is 0 and the throughput is 1024 bits/sec. while the bit error of link between node B and node C is very high and the throughput is 0 bits/sec. this is because that the main lobe of the receiver node B toward to node A, while the side lobe toward to node B. Thus node B can't receive packets from node C. In other word, node B is deafness to node C. 
MULTI-HOP SIMULATION
In this section, two different multi-hop network topologies are constructed to analyze how the smart antenna affects the network performance. AODV routing protocol is employed in the multihop network. The AODV routing protocol is an on-demand distance vector routing protocol [13] .
Simulation scenario
In this section, there are 16 nodes in the network. All the nodes employ the AODV routing protocol. The node in this topology also have two cases: one case is that all the nodes use omnidirectional antenna, the other case is that all the nodes use smart antennas. At the run time, the routing path, end to end delay and bit error are collected.
Simulation results
We record the all the routing paths during simulation. It is clear that the routing hop when nodes use smart is fewer than when nodes use omni-directional antenna.
Fig. 8. The throughput of network
We can see that it can reduce the end to end delay when nodes use smart antennas, as Fig. 8 shown. Smart antennas expand the coverage range, thereby reduce the end to end delay. The adaptive beam of smart antennas forming can cancellation interference and improve the spatial reuse. It leads to improve the SNR. As shown in Fig. 8 , the throughput of smart antennas is better than that of omni-directional antenna.
CONCLUSION
In this paper we have presented a methodology for implementing smart antennas and WMNs in OPNET. A multiple-beam with circular RTS scheme is proposed to solve the deafness problem. A simple network model is constructed to analyze the performances of various antenna architectures and the multiple-beam with circular RTS scheme. Simulation results show that such scheme can solve the deafness problem, and effectively reduce the routing hops, suppress interference and improve network throughput.
